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ABSTRACT: Rational design of proteins via mutagenesis is crucial for
several biotechnological applications. A significant challenge of the
computational strategies used to predict optimized mutations is to
understand the influence of each amino acid during the folding process.
In the present work, chymotrypsin inhibitor 2 (CI2) and several of its
designed mutants have been simulated using a non-native hydrophobic and
electrostatic potential as a structure-based Ca model. Through these
simulations, we could identify the most critical folding stage to accelerate
CI2 and also the charged residues responsible for providing its
thermostability. The replacement of ionizable residues for hydrophobic
ones tended to promote the formation of the CI2 secondary structure in the
early transition state, which speeds up folding. However, this same
replacement destabilized the native structure, and there was a decrease in
the protein thermostability. Such a simple method proved to be capable of providing valuable information about
thermodynamics and kinetics of CI2 and its mutations, thus being a fast alternative to the study of rational protein design.
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B INTRODUCTION able to explore the entire folding process and quantify the
importance of each residue in this process using less
computing power than other molecular dynamics approaches.
Furthermore, even when coarse-grained models were em-
ployed, we could achieve good agreement with experimental
results regarding the thermostability and folding speed."” >
In our previous work, we have studied how non-native
interactions modulate the protein folding rates,” in which
hydrophobic and electrostatic potentials were added in the
SBM. This kind of approach is widely studied by scientific
groups to investigate different biological systems.”'~** There-
fore, proteins with mutations that might induce-or not-an
outstanding performance, in terms of thermodynamics and
kinetics parameters, become an attractive target for our studies.
In this case, more precisely, chymotrypsin inhibitor 2 (CI2)
was chosen because this protein is one of the most studied
proteins. Moreover, there are many experimental results about

The improvement of protein stability through rational
mutations is a significant scientific challenge, and protein
engineering has a wide range of applications in medical and
industrial areas.'”* The development of new protein-based
drugs and the use of enzymes with improved thermostability to
perform catalysis in better conditions are some examples of
these applications.”™” Such relevance in scientific and
industrial scenario motivated the development of rational
mutations predictors that range from force-field based
molecular simulations to algorithms based on machine learning
(ML) Although there are advances in these predictor
tools, issues such as data overfitting in these predictions are
still recurrent, highlighting the fact that some mutation effects
remain unclear.">*® In such a scenario, understanding the
influence of each amino acid in protein folding and stability is
fundamental to developing protein engineering.

Recent works by our research group have explored the
addition of non-native potentials in structure-based models
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rational design to speed up the CI2 folding, in which single
mutations decreased the protein stability by swapping charged
or hydrophobic groups.

CI2 is a 65 residue monomeric protein with a single-domain,
in which the tertiary structure consists of one hydrophobic a-
helix and four f-sheets, see Figure 1.”” The folding process
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Figure 1. Three-dimensional structure of CI2 (top) and FASTA
sequence with respective secondary structure (bottom), PDB ID:
2CI2. The f1, 32, 3, and f4-sheets are colored in red, and the single
al-helix is colored in blue. The residues K19, D24, R49, and F51 in
the tertiary structure are the set of residues that speed up the folding
time when changed by hydrophobic or charged groups. The models
were drawn using CHIMERA®® to tertiary structure and ALINE* to
FASTA sequence and secondary structure.

al

occurs via two-state kinetics with a transition state, in which
the a-helix is almost intact while the f-sheets are shattered.”®*’
Protein engineering studies have demonstrated that mutation
effects may also increase or decrease its thermostability.
Additionally, such mutations intensified local interaction in the
a-helix, even eliminating some unfavorable interactions in a
specific region that includes a group of arginines (three and
four f-sheets). In the present study, we investigated these
details with molecular dynamics simulation, using a structure-
based Ca model (SBM-Ca), with hydrophobic and electro-
static non-native potentials. Mutations that accelerate folding
(K19R, D24A, R49F, and FSIL) were combined to provide
different CI2, as shown in Figure 1. Therefore, an in-depth
examination of these substitutions will shed light on questions
that remain unanswered regarding cooperative effects,
discussed in terms of thermostability and kinetic parameters,
by rational design in protein folding.

B METHODS

SBM-Ca with Non-Native Potential. The structure-based
model (SBM) defines the potential in such a way that the
minimum energy value is attributed to the protein’s native
structure. This model has been efficient in investigating kinetic
and thermodynamic properties in protein folding pro-
cesses.””’" In the SBM-Ca, the amino acids are represented
by beads at the Ca carbon position. This representation

considers that all Ca carbons have the same mass and radius.
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The Hamiltonian to SBM-Ca with non-native interactions is
given by the term Vi, according to the following equation

Ve = Vg + Vi + Vi (1)
where the VgﬁM is the potential to SBM-Ca (see the
Supporting Information for details);>" V,, is the potential
that takes into account the electrostatic interactions; and the
potential that represents the hydrophobic effects is given by
Vhp.

The electrostatic non-native interaction is taken into account
by adding a charge at the Car carbon, in which the positively
charged are given by histidine (H), lysine (K), arginine (R),
and glutamic acid (E), while aspartic acid (D) is negatively
charged.17_20’23’3’2 The interaction between the charged beads
is given by

V; e = I<e e
1 Z ! (2)

where g; and g; are the charges, K, = 332 kcal A/(mol ¢*), e =
80, and « is the inverse of Debye length.*

The hydrophobic potential is represented by an attractive
Gaussian potential,”* and it takes into account the interaction
between two hydrophobic residues (Ala, Val, Leu, Ile, Met,
Trp, and Phe) that are not in contact in the native structure

qlq] eXp(_Krl])
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where M is the number of hydrophobic residues, Kj, is the
strength of the hydrophobic forces, which is equal to 0.1 in this
work, and K;; is the non-native hydrophobic energy given by the
value of the upper triangle in Table S of Miyazawa and
Jernigan.35

TKSA-MC Model. We have used the TKSA-MC Web
Server in order to evaluate the electrostatic effect of each
ionizable residue for the CI2 thermal stability.'” This server
uses the Tanford-Kirkwood approach with a solvent
accessibility correction.’® In a nutshell, the TKSA method
consists of considering the protein as a sphere of low dielectric
constant centered in its center of mass. All the charges are
inside this sphere and are placed in the position of the charged
atoms. Outside the sphere, the dielectric constant is equal to
78.7 (dielectric constant of water), and the salt is treated
implicitly.”’ = The charge—charge interaction of a pair of
titratable residues is

A, —B;, C,
U = e2[¥ - —’)(1 — SA;)
2b 2a (4)

where ¢ is the elementary charge; A;, By, and C; are parameters
of Tanford-Kirkwood solution related to the ionizable residues
position, ionic strength, and dielectric constant;**™* b is the
radius of the protein; a is the distance of minimum
approximation of ions; and SA; is the solvent accessibility
surface area of a pair of charged residues.’® Finally, the
protonation states of the titratable residues are sampled by the
Metropolis Monte Carlo method."

The Probability of Contact Formation. The probability
of formation of a native contact, P, has been calculated in the
folding process. The formation of two native contacts, i and j,
in the transition state (TS) is computed in relation to unfolded

and folded states. Thus, P; is a statistical parameter calculated

DOI: 10.1021/acs.jcim.9b00911
J. Chem. Inf. Model. 2020, 60, 982—988


http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00911/suppl_file/ci9b00911_si_001.pdf
http://dx.doi.org/10.1021/acs.jcim.9b00911

Journal of Chemical Information and Modeling

from the folding dynamics trajectory. The AP is the difference
between two native contact maps. In this work, we present the
percentage difference of them. Therefore, when a set of
residues is swapped with other amino acid groups, the AP,
reflects the change.

Simulation Details. All simulations were carried out using
the molecular dynamics package Gromacs (version 4.5.5), with
the input files obtained from the SMOG webtool,** and the
contact map of the protein defined by the Shadow Contact
Map.** The time step was set at 0.5 fs, and the simulation was
performed over S X 10 steps, recording snapshots every S000
steps with an initial random unfolded structure. To maintain
the simulation coupled with a thermal bath, the Berendsen
thermostat algorithm was employed, with a constant equal to 1
ps#6

Analysis. To follow the folding process of the simulation, it
is necessary to choose a reaction coordinate, which in this case
was the fraction of native contacts (Q). Two native contacts, i
and j, are formed when the distance between them is shorter
than 1.2d;. d;; is the distance between two C,’s in the native
structure with j > i + 3. The thermodynamics properties
calculation was performed by merging multiple simulations
carried out under constant temperature and using the weighted
histogram analysis method (WHAM)."’ Following the
experimental conditions, the mean first passage time
(MFPT) was simulated with all proteins at the same
temperature of the wild-type. Over 1000 independent
simulations were computed to calculate the folding time 7 as
an average of the folding time of each simulation, that started
with an open random structure (Qunf ~ 0.1) and was executed
until it reached the folded state (Qgy ~ 0.8).

B RESULTS AND DISCUSSION

The CI2 Mutants. In this work, we have performed four
CI2 versions with the mutants that accelerate folding (K19R,
D24A, and R49F/FS1L). All newly engineered CI2s (M,, Mg,
Mc, and Mp) were designed as a combination of mutants
above."™*” These mutants were generated by swapping
charged groups to others, positively or negatively, as well as
charged groups by hydrophobic ones and vice versa. Thus, M,
(K19R/D24A), M (K19R/R49F/FSIL), M (D24A/R49F/
F51L), and MD (K19R/D24A/R49F/FS1L) native structures
were generated by MODELLER software.””

Electrostatic Interaction and Stability. Among the
several interactions responsible for providing protein thermo-
stability, the electrostatic effect is known to be crit-
ical.!7T 192451 Using the TKSA-MC tool, we were able to
compute the electrostatic free energy contribution of each
ionizable residue of the protein, AG_, . In Figure 2, we present
these electrostatic free energy profiles of CI2 wild-type and its
mutated form My, All the other mutant’s electrostatic profiles
are presented in the SIL

The CI2 wild-type is already a very electrostatically stable
protein, with almost all ionizable residues contributing to
stabilizing its native structure, and only DS3 and D56 having a
significant positive electrostatic contribution. The summation
of the electrostatic contribution of all residues is the AGy, and
the more negative this value, the more stable the protein tends
to be. Consequently, we expected the folding temperature to
increase. The mutated protein My, has the highest AG; among
all proteins tested in this work and is near 11.0 kJ/mol more
positive than CI2 wild-type. Such an increase in electrostatic
free energy is caused by the mutation of three charged residues
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Figure 2. (top and bottom) Electrostatic free energy profiles of each
ionizable residue of wild-type (WT) and engineered M, - CI2
(K19R/D24A/R49F/FS1L), respectively. AG,, > 0 are the residues
with positive electrostatic free energy and SASA greater than 50%. All
the results were obtained in a pH of 7.0. The charged residues that
will be mutated are indicated by arrows in red in the top part.

K19R, D24A, and R49F, which were contributing negatively to
the AG; wild-type, for hydrophobic ones (the mutated
residues are marked by red arrows in Figure 2).

In Figure 3A, we present the values of the electrostatic free
energy as a function of CI2 wild-type and mutants folding
temperature, T, Due to the lack of information about
experimental data, the analyses regarding the electrostatic
free energy versus T are not provided in this work. For that
reason, only theoretical and computational results are shown in
Figure 3A, where the mutations proposed and studied
experimentally are in orange color, and the mutations
introduced as a model in this work are in blue color. The T
of each protein was determined by their peaks of heat capacity
curves, which were obtained applying the WHAM in several
simulations of SBM-Ca with non-native potential (see
Simulation Details). The increase of AGy tends to promote
a decrease in T; as observed in our results (correlation of
—0.91). It should be noted that the TKSA-MC takes into
account only the electrostatic effect in the native structure of
the protein, whereas our simulations take into account two
non-native interactions, hydrophobic and electrostatic, calcu-
lated in the entire folding process. The remarkable correlation
between AGy and Tyindicates that the electrostatic interaction
is the driving force in the thermostability of CI2 and that the
replacement of charged amino acids for hydrophobic ones
causes protein destabilization.

Kinetic Effects by Rational Design. Data from ref 48
revealed that the K19 and D24 residues, located in C-terminus
of a single a-helix, are essential in preserving the stability of the
whole native structure, but the D24 residue presents the main
destabilizing effect on an isolated a-helix. For that reason, they
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Figure 3. (A) The electrostatic free energy (AGr) of each engineered
CI2 version (M,, Mg, M, and M) and wild-type (WT) as a function
of folding temperature (T¢*) in reduced units. (B) The mutation’s
effects in the folding time of the engineered CI2 version are
normalized by its wild-type and are represented by its folding time
ratio logarithm, calculated to simulation results and experimental data.
The linear correlation is presented as a solid line in (A) and (B). (C)
Engineering CI2 folding times, 7%, normalized by CI2 WT, 7*. The
blue and gray bars are the computational results to new mutants, and
the orange bar is the folding time ratio for experimental data. All of
the experimental data in (B) and (C) is taken from refs 48 and 49.

have mutated K19 and D24 using arginine (R) and alanine
(A), respectively. The results of these mutations preserved the
helix formation and accelerated its folding time. On the other
hand, they decrease the stability of the whole protein. Another
critical region in CI2 wild-type includes several arginines (R47,
R49, and R63), in which their arrangement promotes an
electrostatic repulsion between their charged groups. However,
Ladurner et al.** and Lawrence et al.*’ have shown in their
experimental studies that this region is highly conserved.
Likewise, the mutations on the R49 by large hydrophobic
groups lead to a notable folding time reduction.”®*
Furthermore, R49 forms relevant interactions with other
residues, particularly with FS1 in TS.

We investigated the kinetics parameters focusing on folding
time for the CI2 wild-type and the K19R, D24A, R49F /FS1L,
R49W, and R49Y mutations, using non-native hydrophobic
and electrostatic potential in the SBM-Ca. In Figure 3B, we
show the logarithm folding time ratio for both experimental
and computational data. The comparison between the two
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reveals a linear correlation of 0.82, and this result suggests that
our simulation approach is in qualitative agreement with
experiments, despite two outlier points: WT and K19R.

According to the results in the literature, we have taken only
the best accelerated CI2 version, R49Y, to compare with the
proposed mutants in this work, Figure 3C. Folding time ratio
results show that the proposed mutations, M, and M, do not
speed up the folding but, rather, decelerate it. Unlike M, and
M results, the mutation M presented almost the same folding
time as CI2 wild-type. However, the folding time calculation of
Mp, presented to be the fastest of all the mutations designed.
Furthermore, the Mp, has also shown to be more accelerated
than wild-type and R49Y. The set of mutations that we have
studied here gave us some insights on how to combine
mutations that already speed up the folding to accelerate it
even more. We have also noticed in this set of proposed CI2
versions a lower thermostability promoted by an increase in
the electrostatic free energy. Based on this assumption, we
calculated some parameters to further analyze the electrostatic
and hydrophobic effects of M, (see the next section).

Antagonistic Issues on Engineering Cl2. The CI2 with
the mutation My, is the fastest engineered CI2 version that we
have designed (see Figures 2 and 3). As discussed above, we
observed that it presents a folding time ratio lower than the
WT CI2 and the R49Y. It is worth mentioning that the SBM-
Ca takes into account only the native interaction contribution
to protein folding, but some limitations in this model are noted
to study mutation effects. For this reason, we added two non-
native potentials to SBM-Ca that can elucidate some details.
On that account, the methodology applied here allows us to
observe the effect of changing charged amino acid groups in
terms of hydrophobic and electrostatic energy. The hydro-
phobic and electrostatic energies have been calculated in
different stages to the WT and engineered CI2Mp, see Figure
4A. We have evaluated these energy components for the
unfolded state (Unf - 19 < Q < 38), the early transition state
(ETS - 39 < Q < 56), the transition state (TS - 57 < Q < 82),
the late transition state (LTS - 83 < Q < 112), and the folded
state (Fold - 113 < Q < 141).

The WT has shown to be more electrostatically favorable
than the Mp in all stages. On the other hand, the Mp was
observed to be more hydrophobically favorable than the WT in
all stages. The important feature is the overall free energy
compared along all stages; Mp is less stable than the WT,
AAGy = —10 kJ/mol, with Ty, 1.182 and 1.187 in reduced
units, respectively, which corresponds to just 0.6% difference,
as shown in Figure 3A. On the other hand, the My, free energy
barrier is smaller than the WT by just 0.4 kT, but the
combination of effects yields to a folding time 20% smaller, see
Figure 3C. The electrostatic energy in the transition from ETS
to LTS tends to increase in both proteins. For WT the
hydrophobic energy increases monotonically from ETS to the
folded state, while for the My, (E") oscillates along the folding
process. These different behaviors of the WT and Mp, in the
transition between specific stages led us to calculate the
contact map. To investigate the main effects of designed
CI2Mp, to speed up the protein folding, we calculated the
native contact map to ETS and TS.

In Figure 4B, we calculated the difference of native contact
formation probability (AP;) between MD and wild-type. In
the ETS (upper triangle), the M, mutant presents native
contacts in red color with higher probability formation than
WT. In this case, this region corresponds to the same place
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Figure 4. (A) The average of the electrostatic ((E")) and hydrophobic ((E")) energy to CI2 wild-type (WT - blue) and mutant (Mp - red),
respectively. The energy calculated for the unfolded state (Unf), early transition state (ETS), transition state (TS), late transition state (LTS), and
folded state (Fold) to both proteins. (B) The upper and lower triangles are the contact map difference between the mutant (Mp) and the WT in
the early transition state (ETS - upper triangle) and in the transition state (TS - lower triangle), respectively. The secondary structures are
represented in gray color, and the color bar is associated with the difference of contact map probabilities (APij (%)) between CI2 (MD) and WT.
(C) and (D) are examples of two representative structures of My and WT in the early transition state. The highlighted region in the My
corresponds to the same region in red in the contact map (B) of the ETS part.

that the mutations have performed, a-helix one (a;) and f-
sheet three (f;). In blue scale, we have the representation of
the native contacts formed preferred in the wild-type, and in
white are the native contacts with the same probability (AP; &
0); that is, the probability of contact formation in the wild-type
or in the mutant is approximately the same. In the lower
triangle, we have the native contact map difference between
Mp and wild-type in the TS stage. In this specific case, we
noticed that both proteins have shown almost the same native
contact formation probability, and consequently, they do not
present significant differences in folded regions in TS, unlike
what occurs in ETS. Therefore, our results indicate that ETS is
a prime stage to speed up the MD folding. Hence, its structures
were analyzed in this stage and compared with CI2 WT.
The main representative structures for the WT and
engineered CI2Mjp, in the ETS stage are presented in Figure
4C and 4D, respectively. According to the highlighted red
region in the native contact map, we highlighted the
representative structure of Mp. This structure displays an
unstructured a-helix, while the f-sheet one, three, and four
tend to be paired, as in the native structure (see Figure 1). In
contrast to what was observed for the My, the significant
representative structure of wild-type in the ETS also presents
an unstructured a-helix, but its S-sheets are not paired. The N
and C terminus of wild-type are pulling away, while the N and
C terminus of Mp are more compacted with the rest of its
structure. According to experimental data from ref 48, the
removal of some electrostatic interactions increases the
packing of protein, even while decreasing the folding time.
Our computational results are in a reasonable agreement with
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experimental data and an energy decrease was observed in the
Mp, as well as a favorable stage in the protein folding
determined by simulation in which is described one of the
main reasons that the folding time speeds up. From this
standpoint, the replacement of charged residues by hydro-
phobic ones not only decreases the folding time but also is
responsible for making the engineered CI2Mp, more compact
in the ETS than the wild-type.

The addition of non-native interactions in different systems
showed similar results as those presented here. Those
interactions can speed up the folding by decreasing the free
energy barrier.”>>® The optimum amount of non-native
interactions in a protein depends on its structure and
topology.”* Any value beyond the optimum non-native
interactions value leads a protein to a slower folding process
by increasing the number of local minima in the ETS.> This
concept is related to frustration in proteins, and the mutation
My, is an example of such behavior. The removal of some
electrostatic interactions may decrease frustration and limit
competition between native interactions and non-native
interactions.

B CONCLUSION

In-depth knowledge of the effect of each amino acid in protein
folding and stability is fundamental to the development of
protein engineering. In the present work, we have used
computational methods that combine electrostatic and hydro-
phobic interactions with structure-based models to study the
effects of several mutations in the kinetics and thermodynamics
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of CI2 protein. Such a method has already been tested in a
recent work by our research group and presented new insights
about cooperative non-native interactions in the folding of
spectrin domains, in which we observed a cooperative non-
native interaction (electrostatic and hydrophobic contribu-
tions) for the folding time of spectrin domains (R1S, R16, and
R17).”° In the present case, we noticed an uncommon
behavior for the WT and the Mp, in which some of the
proposed mutations on CI2 do not present a non-native
cooperative effect but an opposite effect promoting antago-
nistic issues in thermostability and folding speed. The
engineered mutation MD is the primary example of this effect:
while its mutations cause a significant increase in its folding
speed, the same mutations cause a severe decrease in its
thermostability. This effect is counterintuitive, as mutations
that improve thermostability are usually associated with the
acceleration of the folding process.”** Our results also show
that the replacement of charged residues with hydrophobic
ones tends to promote the formation of secondary structures
already in the ETS stage of folding, and it accelerates the CI2
folding process. This replacement also changes the electrostatic
energy profile of the native state of the protein, which causes
the loss of thermostability. Therefore, the simple methodology
used here has provided valuable information about mutation
effects and identified the most critical stages of folding as they
relate to thermostability and folding speed.
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